Ultraviolet light is strongly absorbed by DNA, producing excited electronic states that sometimes initiate damaging photochemical reactions. Fully mapping the reactive and nonreactive decay pathways available to excited electronic states in DNA is a decades-old quest. Progress toward this goal has accelerated rapidly in recent years, in large measure because of ultrafast laser experiments. Here we review recent discoveries and controversies concerning the nature and dynamics of excited states in DNA model systems in solution. Nonradiative decay by single, solvated nucleotides occurs primarily on the subpicosecond timescale. Surprisingly, excess electronic energy relaxes one or two orders of magnitude more slowly in DNA oligo-and polynucleotides. Highly efficient nonradiative decay pathways guarantee that most excited states do not lead to deleterious reactions but instead relax back to the electronic ground state. Understanding how the spatial organization of the bases controls the relaxation of excess electronic energy in the double helix and in alternative structures is currently one of the most exciting challenges in the field. 
INTRODUCTION
Electronic excitation of DNA by solar ultraviolet (UV) light can produce harmful photoproducts such as the thymine dimer. Excitation is efficient because of the substantial UV absorption cross sections of the DNA nucleobases: adenine, guanine, cytosine, and thymine (Figure 1) . The vast majority of excitations do not initiate photoreactions as evidenced by the quantum yields of photolesion formation, which are generally much less than 1%. The altered structures and basepairing properties of photoproducts can interfere with the work of polymerases and disrupt normal cellular processing of DNA. This interference can lead to mutations, genomic instability, and carcinogenesis (1) . In organisms exposed to solar UV light, DNA constantly accrues photochemical damage that must be continually repaired. Disruption 
SINGLE-BASE EXCITED STATES

Ultrafast Deactivation of 1 ππ * States via Conical Intersections
The intense UV absorption by DNA at 260 nm arises from the strongly allowed 1 ππ * transitions of the nucleobases (9, 10). Single bases in aqueous solution have small fluorescence quantum yields of ∼10 −4 (11, 12), indicating that the vast majority of excited states decay nonradiatively. The first accurate measurements of 1 ππ * lifetimes of DNA and RNA base monomers were made in our laboratory using the femtosecond transient absorption technique (13, 14) . Figure 2a shows the subpicosecond decay of excited-state absorption by the 1 ππ * state of 9-methyladenine. As reviewed elsewhere (3), emission from the 1 ππ * states also decays on a femtosecond timescale.
Ultrafast passage between electronic states is commonplace when a wave packet moves into the vicinity of a conical intersection (CI), and it was proposed in 2000 that CIs are responsible for the subpicosecond fluorescence lifetimes of the nucleobases (14). In a pioneering computational study, Ismail et al. (15) subsequently described a nearly barrierless decay pathway from the FranckCondon region of cytosine to S 0 via a pair of CIs. Since then, CIs have been located for all of the natural bases and many of their derivatives at various levels of theory (4). These studies have (a) The 1 ππ * state of 9-methyladenine decays within 300 fs in many solvents (top), but transient absorption signals at UV probe wavelengths are rate limited by solvent-dependent vibrational cooling (bottom). (b) Excitation of 9-methyladenine to the 1 ππ * state at 267 nm (step 1) is followed by ultrafast internal conversion to the hot ground state (step 2). Vibrational cooling returns the molecule to thermal equilibrium with the solvent (step 3). Visible probe pulses monitor the 1 ππ * population, whereas UV probe pulses monitor the recovery of the thermalized ground state. (c) Mid-IR pulses can probe vibrational cooling dynamics via bleach recovery of ground-state fundamentals (1625 cm −1 , blue) as well as hot band decay (1590-1615 cm −1 , red ).
IC: internal conversion
Vibrational cooling: the dissipation of excess vibrational energy from a molecule to the surrounding solvent until thermal equilibrium is reached firmly established that ultrafast internal conversion (IC) occurs because CIs can be accessed from the Franck-Condon region via near-barrierless pathways. Most studies calculate minimum energy pathways through static potential energy landscapes, but dynamical studies capable of following a photoexcited wave packet as a function of time are beginning to appear (16) (17) (18) (19) . Nucleobase CIs are often accessed via out-of-plane deformations initiated by twisting about double bonds. For pyrimidine bases, many studies have shown that torsion about the C5-C6 bond is a key deactivation step (15, 20-23). The excited-state energy is relatively insensitive to ring puckering, but the ground state is strongly destabilized by the loss of π-bond stabilization (aromaticity). As a result, the ground-state energy rises sharply along the ring-deformation coordinate, eventually meeting the comparatively flat excited-state surface in a CI. Many physical chemists will recognize this pathway from classic work on the nonradiative decay of photoexcited ethene. Similar bond-twisting pathways have been located for purine bases (24, 25).
There is excellent experimental support for the ethene-like decay channel in pyrimidines. First, resonance Raman experiments by Loppnow and coworkers (26) (27) (28) show that the earliest nuclear motions in the lowest 1 ππ * state of several pyrimidine bases are lengthening of the C5-C6 bond and pyramidalization at the C5 and C6 atoms. These changes, which may lie along the photochemical reaction coordinate for dimer formation (see Section 4), are also consistent with the torsional motions necessary to access the CIs identified in calculations (15, (20) (21) (22) (23) (24) (25) . Second, the sensitivity of pyrimidine excited-state lifetimes to C5 substitution (29) can be largely understood through the substituent's ability to restrict torsion about this bond. Bases modified in ways that restrict torsion about the relevant bonds have greatly increased fluorescence lifetimes (30, 31). These studies powerfully illustrate how knowledge of the nonradiative decay pathway can enable the rational design of fluorescent nucleobase derivatives.
Vibrational Cooling in S 0 via High-Frequency Vibrational Energy Transfer
Many states that are dark in emission can be readily seen in transient absorption experiments. A good example is the vibrationally highly excited population formed in S 0 following IC from an initial 1 ππ * state. IC to S 0 deposits more than 4 eV of energy into the vibrational modes of a given base. For thymine, this energy corresponds to a Boltzmann temperature of ∼2000 K. The excess vibrational energy is manifested by a strongly red-shifted S 0 absorption spectrum, which returns to equilibrium by vibrational energy transfer to surrounding solvent molecules in a process known as vibrational cooling.
Pecourt et al. (14) first showed that transient absorption signals at UV and near-UV probe wavelengths monitor vibrational cooling dynamics and decay more slowly than ones at visible wavelengths. The former signals measure how rapidly the ground-state absorption spectrum is re-established, whereas the latter ones are assigned to the decay of excited-state absorption as a result of IC. Bleach recovery signals at UV probe wavelengths are dominated by vibrational cooling. These signals exhibit a characteristic time constant of ∼2 ps for many single bases in aqueous solution.
Middleton et al. (32) investigated solvent effects on vibrational cooling by DNA bases. In contrast to the weak solvent dependence of the 1 ππ * lifetime, these authors found that vibrational cooling is highly sensitive to the solvent (Figure 2 ). In addition, vibrational cooling of 9-methyladenine occurred 1.7 times slower in D 2 O than H 2 O. Smaller solvent isotope effects of 1.2-1.4 were observed for 9-methyladenine, thymine, and thymidine in acetonitrile/acetonitriled 3 (33) and for 1-cyclohexyluracil in H 2 O/D 2 O (34). Because isotopic substitution primarily affects high-frequency solvent modes, these observations suggest that significant vibrational energy transfer occurs between high-frequency solute and solvent modes (32). This contrasts with the standard picture in which the vibrational excess energy exits a hot chromophore primarily through the lowest-frequency modes of the solute.
Dark Excited States in Pyrimidines
Excited states are classified as dark or bright according to whether they are reached by transitions from S 0 that have small or large oscillator strengths, respectively. In addition to the bright 1 (Figure 3) . The with their high vibrational cooling rates, compared to polar, aprotic solvents, in which vibrational cooling occurs more slowly (34).
BASE-MULTIMER EXCITED STATES
The spatial organization of the bases in DNA creates new photophysical decay pathways not found in base monomers. Precisely how interbase couplings, conformational heterogeneity, and the unique environment of the double helix give rise to these new pathways is poorly understood and the subject of intense investigation. Much recent work has sought to understand how base pairing and base stacking, the dual architectural motifs of the DNA double helix (Figure 1c) , influence relaxation pathways. In the following subsections, we critically review experimental and theoretical progress at elucidating the effects of these interactions on the relaxation of excess electronic energy in nucleic acids.
Excited-State Dynamics in Single Base Pairs
Physical chemists have been fascinated for decades by the possibility of photoinduced proton transfer in nucleic acid base pairs. It was proposed that light-induced proton motion between DNA strands could induce mutations (51, 52), but this has never been observed experimentally (3). Recently, a photoprotective role has been proposed for proton transfer (53-55). Calculations by Sobolewski & Domcke (54) suggest that ultrafast decay to the electronic ground state is mediated by aborted transfer of a single proton from guanine to cytosine. In this mechanism, an interbase charge transfer (CT) state causes an electron to move from guanine to cytosine, triggering spontaneous proton transfer in the same direction along the middle of the three guanine-cytosine hydrogen bonds (54, 55). Progress along the proton transfer coordinate leads to a CI with S 0 , causing the excited molecule to return to S 0 (54, 55).
This intriguing and influential proposal has gained some experimental support. Abo-Riziq et al. (56) studied isolated guanine-cytosine base pairs in the gas phase by resonance-enhanced multiphoton ionization spectroscopy. Broad UV spectra with line widths of several hundred wave numbers were measured for isolated Watson-Crick guanine-cytosine base pairs, but only sharp resonances ( ν < 1 cm −1 ) were seen for non-Watson-Crick structures (56). The authors proposed that Sobolewski & Domcke's (54) ultrafast nonradiative decay channel is unique to the WatsonCrick guanine-cytosine base pair. Calculations subsequently supported this conclusion (55).
Single base pairs are unstable in aqueous solution, but they can be prepared in nonpolar solvents from suitably derivatized nucleobases. Schwalb & Temps (57) studied fluorescence decays from a modified guanine-cytosine base pair in chloroform using the femtosecond upconversion technique. They measured a lifetime of 0.355 ps for the Watson-Crick base pair, whereas the fastest decay components observed for the solvated guanine and cytosine derivatives were 0.67 and 0.84 ps, respectively. They invoked Sobolewski & Domcke's (54) quenching mechanism as a possible explanation for their observations. Time-resolved observation of the underlying proton motions is needed to confirm this explanation.
Long-Lived Singlet Excited States Are Observed in Single Strands
In aqueous solution, single-stranded sequences can form partially ordered helices (Figure 1c more slowly (59-62) than excitations in the monomeric building blocks (Section 2) or in single base pairs (Section 3.1). In single-stranded adenine homopolymers both ultrafast (τ ≈ 1 ps) and more slowly decaying components are observed (Figure 4) Figure 4b show approximate mirror symmetry with the transients at 570 nm, indicating definitively that ground-state recovery occurs on two timescales. The 250-nm transients exhibit the ∼2-ps decay time that is the signature of ultrafast vibrational cooling following ultrafast decay to S 0 (60). This is convincing evidence that the ∼1-ps decay of the excited-state-absorption signal at 570 nm results from ultrafast ground-state repopulation.
Bleach-signal amplitudes can be used to estimate the yield or fraction of excitations that decay by a given channel (60, 65, 67, 68). On the basis of these yields, Crespo-Hernández et al. (60) determined that most excitations in base-stacked regions of DNA decay to long-lived states, whereas excitations in unstacked bases decay by ultrafast IC. Earlier studies (reviewed in 3) established
EXCIMERS, EXCIPLEXES, AND EXCITONS
As discussed elsewhere (3, 115), it is sometimes mistakenly assumed that an excimer is only formed when an electronically excited molecule encounters a second, unexcited one. An excimer or exciplex is an excited electronic state with strong charge transfer character (70) independent of how it is formed. Excimers and exciplexes are observed in aromatic crystals and photopolymers (70) in which diffusion is not required to bring the interacting molecules together. Excimers in this case can be formed from different initial states, including Frenkel excitons. DNA exciplexes can also be called interbase charge transfer states (65), keeping in mind that there may be significant configuration interaction with the excitonic state formed by the interaction between transition dipoles of the two bases.
Excimer/exciplex: an excited electronic state with substantial charge transfer character involving two identical (excimer) or different (exciplex) molecules that pico-and nanosecond timescale emission is seen in DNA polymers. However, these timeresolved emission experiments could not determine whether the slow relaxation amounted to a major or a minor decay channel. Crespo-Hernández et al.'s (60) measurements were the first to show that most excited states in single-stranded DNAs decay to S 0 on the picosecond timescale. This established that most relaxation occurs faster than the nanosecond timescale seen in some emission experiments (69) and slower than the femtosecond timescale seen in experiments on base monomers (Section 2.1).
Crespo 61) assign the long-lived component to an excimer-like state because they argue that it involves more than two bases as opposed to the short-lived excimer, which they believe is localized on just two bases. Experimental evidence that the long-lived excimer-like state actually spans more than two bases was never presented. Kwok et al.'s (61) suggestion that an initially localized excitation progressively delocalizes with time is also somewhat counterintuitive for multichromophoric systems. Experiments by Takaya et al. (65) (see Section 3.5) instead suggest that the long-lived states in adenine tracts are localized on just two stacked bases.
Base Pairing Does Not Quench the Long-Lived Excited States in DNA
Base pairing in solvated DNA is usually accompanied by base stacking, which has led us to investigate excited states in DNA strands joined by hydrogen bonds (60, 64, 66, 72) . 18 . Adenine-thymine base pairing thus neither inhibits the formation nor hastens the decay of excimers in the adenine strand. Longlived states seen in the alternating duplex (dAdT) 9 ·(dAdT) 9 were also assigned to intrastrand exciplexes (60).
The similar kinetics in (dA) 18 ·(dT) 18 and in (dA) 18 provide evidence that the initial FranckCondon excited states decay to excitations localized on just one of the two strands in duplex DNA (60). Base stacking limits excitation energy to one strand at a time in the B-form double helix, possibly explaining the preponderance of intrastrand photoproducts and enabling repair using the undamaged strand as a template (60). The concept of strand-localized excited states has been tested in an innovative theoretical study by Bittner (73), who was the first to study the interplay between excitonic and CT states in photoexcited DNA (see Section 3.5).
The conclusion that adenine-thymine base pairs do not introduce rapid quenching channels for excess electronic energy has been extended recently to duplexes comprising guanine-cytosine base pairs (64, 66). As illustrated in 
Exciton Dynamics
Gustavsson, Markovitsi, and coworkers (8) have pioneered the time-resolved study of fluorescence from DNA oligomers and polymers using the femtosecond upconversion technique. Interestingly, these experiments yield fluorescence decays with time constants of no more than a few picoseconds (76-80). This rapidly decaying emission, which has many of the characteristics of emission from the 1 ππ * excited states of base monomers, has been assigned to Frenkel exciton states formed by the coupling of 1 ππ * states of proximal nucleobases (81) (82) (83) (84) . It has recently been suggested that some of the emission may be from 1 ππ * states localized on single bases (79, 80). Time-resolved fluorescence anisotropy experiments provide evidence for rapid IC or intrabrand scattering among the excitonic states (85) , which differ in their polarization properties (82) . For example, the fluorescence anisotropy of poly(dA)·poly(dT) decays by approximately 30% 1 ps after excitation (85) . Markovitsi et al. (8) proposed that the bottom of the exciton band is reached in 100 fs because rise times are not observed at any emission wavelength.
A fascinating recent question concerns the size of the excitons: What is the extent of delocalization, at the instant of excitation and at later times? Excitonic eigenstates calculated with an idealized helix geometry are delocalized over the entire length of a double helix containing 20 base pairs (81) . The inclusion of conformational (off-diagonal) disorder using structures sampled from molecular dynamics (MD) simulations reduces the spatial extent to between four and eight base pairs (82) . Finally, the addition of homogeneous broadening (diagonal disorder) to model calculations further lessens the delocalization (83) . Nearly half the excitons in (dCdG) 5 ·(dCdG) 5 are calculated to be localized on a single base with the remainder "delocalized over at least two bases" (83) . Fiebig and coworkers (62) estimated a 1/e delocalization length of 3.3 ± 0.5 bases in DNA adenine tracts from their transient absorption experiments. Kadhane et al. (86) concluded from their interesting analysis of the circular dichroism spectra of adenine tracts that excitons corresponding to long-wavelength transitions (λ > 200 nm) are delocalized over no more than two bases.
Some workers have suggested that the long-lived excitations in base-stacked DNAs are Frenkel excitons (62, 87, 88), but this hypothesis is poorly supported by experiment (61, 64-67). Calculations have shown that the lowest-energy exciton states of DNA have much lower oscillator strengths than those at higher energy (81) (82) (83) 88) . It has been suggested that the longer radiative lifetimes of the low-energy exciton states are responsible for the long excited-state lifetimes seen in DNA (87, 88) . A serious weakness of this analysis is that the lifetime of an excited state is determined by the radiative lifetime and the total rate of nonradiative decay. The latter rate is not predictable from exciton theoretical models that deal only with oscillator strengths and energies (67).
A simple consideration shows that radiative decay cannot be the only relaxation channel for DNA excitons, regardless of their location in the exciton band: According to calculations, the bright 1 ππ * states of single bases have radiative lifetimes of several nanoseconds (90, 91) . Any exciton built from the 1 ππ * states, and that has a lower oscillator strength, must therefore have a radiative lifetime even longer than a few nanoseconds. An excited-state lifetime of 10-100 ps in DNA is therefore a certain indicator that the rate of nonradiative decay greatly exceeds the rate of radiative decay. Exciplex states reached by the decay of the initial excitons, whatever their precise degree of delocalization, provide the best explanation for long-lived excited states in DNA base multimers, as we describe next.
Excitons in Base Stacks Decay to Exciplexes
Femtosecond fluorescence upconversion provides only a partial view of the dynamics of emissive states in DNA. Emission at times greater than approximately 10 ps after photoexcitation is often too weak to be detected in femtosecond upconversion experiments (77) but can be observed in timecorrelated single-photon counting measurements because of this technique's longer gate window. These more sensitive measurements have shown that emission extends out to the nanosecond timescale (reviewed in 3, 8) . The need to switch from femtosecond upconversion to time-correlated single-photon counting is a consequence of the CT character of the long-lived excited states, which causes a precipitous drop in the radiative decay rate.
Transient absorption measurements with UV probing show that repopulation of the ground state occurs considerably more slowly in photoexcited DNAs than is suggested by the rapid loss of fluorescence seen in the femtosecond upconversion experiments (64). These experiments are simply sensitive to different excited states (67). The bright Frenkel exciton states rapidly decay to excimer/exciplex states, which have much lower radiative transition rates (64, 65). These comparatively dark states are responsible for the long-lived emission that extends over pico-and nanosecond timescales. The dark character of these states explains why fluorescence quantum yields of DNA oligo-and polynucleotides do not differ substantially from those observed for mononucleotides, despite the presence in the former systems of large yields of relatively long-lived excited states (60).
Experiments by Takaya et al. (65) on a series of dinucleoside monophosphate compounds decisively support the hypothesis that excitons in DNA rapidly decay to exciplexes, which then decay on a picosecond timescale by charge recombination. Takaya et al. (65) observed long-lived excited states in minimal stacks of just two nucleobases (Figure 6a) . The decay rates of the longlived states decrease with increasing energy of the charge-separated state formed by transferring an electron from one of a pair of stacked bases to the other (Figure 6b) . Takaya et al. (65) also showed that identical long-time decays are seen for the adenine dimer and for the homopolymer containing hundreds of bases. This is strong evidence that, regardless of sequence length, initial excitons trap to a common state that is localized on just two bases.
Recent experiments have shown that DNA exciplex lifetimes vary sensitively with base sequence (64, 65) but are insensitive to base-pairing motif and helix conformation (66). The similar charge-recombination dynamics observed for Hoogsteen base-paired DNA and Watson-Crick base-paired DNA (Figure 5c ) suggests yet again that the ultrafast quenching pathway discussed in Section 3.1 for single Watson-Crick base pairs is not accessed in DNAs composed of stacked base pairs.
De La Harpe et al. (66) studied d(GC) 9 ·d(GC) 9 in B-and Z-form duplex structures by transient absorption. Despite significantly different base stacking (Figure 5a) , the bleach signals for Band Z-forms recover with similar lifetimes of 6.4 ± 0.6 ps and 7.6 ± 0.8 ps, respectively (66) (Figure 5c) . Earlier, Crespo-Hernández & Kohler (59) observed identical lifetimes for poly(A) and poly(dA) despite their different helix conformations (Figure 4a) . These results indicate that exciplex lifetimes are nearly independent of ground-state base-stacking geometries. This is at first surprising given the exquisite sensitivity to conformation of the rates of the charge-shift reactions studied in DNA charge transport (92) (93) (94) (95) (96) . De La Harpe et al. (66) have proposed that the electronic coupling between the hole and the electron, which are separated by a relatively small distance in an exciplex, may be too great to be significantly altered by helix conformation. Although exciplex lifetimes appear to depend only weakly on secondary structure, photoproduct formation is highly dependent on local conformational properties, as described in Section 4. the initial excitations (excitons versus localized excited states) and the subsequent decay pathways. In base-stacked contexts, excitation initially populates Frenkel exciton states that are likely spread over no more than two stacked bases or stacked base pairs. These states decay rapidly to longlived excimer/exciplex states formed between two π-stacked bases. Because of their substantial CT character, these excimer/exciplex states are dark and make a small contribution to the total fluorescence. Recent electronic structure calculations by Santoro et al. (97) on π-stacked adenines support this model.
PHOTOCHEMICAL DECAY: THYMINE DIMER FORMATION
Previous sections describe photophysical nonradiative decay pathways for DNA excited states that terminate in S 0 . In this section, we return to our initial motivation of connecting excited-state dynamics and photochemical outcomes. Space limitations only allow discussion of the thymine dimer-the main mutagenic photoproduct in DNA (98) . This mainly intrastrand photoproduct is formed by (2 + 2) cycloaddition of the C5-C6 double bonds of adjacent thymines to give a cyclobutane ring (Figure 8a) . Because of its inherent structural specificity, time-resolved IR spectroscopy is a promising approach for elucidating photochemical decay channels. Using this method, Schreier et al. The fate of excess electronic energy deposited in DNA by UV light is governed by base-stacking conformation. (Left) Stacked bases are excited to an exciton state that decays to an exciplex state in less than 1 ps. The exciplex state returns to the ground state on a timescale of 10-100 ps via charge recombination.
(Right) UV excitation of unstacked or poorly stacked bases creates localized 1 ππ * states, which decay to the ground state within 1 ps. 1 nπ * states have been observed in unstacked pyrimidine bases, but it is unknown whether these states can be populated in the presence of base stacking.
observed that IR marker bands specific to the cis-syn thymine dimer are fully formed less than 1 ps after excitation of single-stranded (dT) 18 at 266 nm. Subpicosecond dimer formation strongly suggests that the reaction occurs directly from the 1 ππ * state (60). This seems to end the decadesold debate about the multiplicity of the precursor excited state (100). Kwok et al. (101) recently claimed that a triplet state with a lifetime of 140 ps is responsible for dimer formation in (dT) 20 , but this conclusion is suspect in view of the subpicosecond kinetics seen by Schreier et al. (99) .
Both theory (102) (103) (104) and experiment (26-28) support a singlet-state pathway to the thymine dimer. Loppnow and coworkers (26-28) have analyzed absorption spectra and resonance Raman excitation profiles for pyrimidine base monomers in solution. The observed Raman intensities reveal elongation of the C5-C6 bond and increased pyramidalization at C5 and C6. These nuclear motions are consistent with the expected reaction coordinate for dimer formation and suggest that the photochemistry is determined by initial dynamics near the Franck-Condon region of the lowest-lying 1 ππ * state. Such motions may predispose adjacent pyrimidine bases for dimer formation. Recently, Boggio-Pasqua et al. (103) have located and characterized the CI that putatively enables ultrafast dimer formation from an initial singlet excited state. A computational study by Blancafort & Migani (104) suggests that the reaction may proceed via a singlet excited state that is unique to π-stacked bases.
Because dimerization occurs faster than whole-base motions, the reaction probability is hypothesized to depend mainly on the relative orientation of the bases at the instant of excitation (99) . There is evidence from crystal studies that dimerization of suitably stacked thymines is highly efficient, with a quantum yield of essentially unity. Schreier et al. (99) The mean dimerizable structure (blue) overlapped at the 5 base with the ideal B-form structure (black). Structures in panel a were generated using the VMD software (116) . Structures in panels d and e were generated using the UCSF Chimera software (117).
(105-107). It will be important to investigate whether other DNA photoreactions are also under ground-state control (108) . The hypothesis that conformations in the electronic ground state control thymine dimer yields has been explored in two MD studies (109, 110) . Law et al. (109) proposed a two-parameter model for identifying reactive thymine-thymine steps based on the distance (d ) and the torsion angle (η) between the two C5-C6 double bonds (Figure 8b) . They used MD simulations to sample the conformational space of thymidylyl-(3 ,5 )-thymidine in various solvent conditions (Figure 8c) . Dimerizable conformations were defined as ones with d < 3.63Å and η < 48.2
• (Figure 8b-d ). These conformations occurred at a frequency approximately equal to the experimentally observed quantum yields for dimer formation in each solvent. In a closely related study, Johnson & Wiest (110) applied analogous geometrical criteria to estimate populations of reactive conformations from MD simulations of (dT) 18 .
Law et al. (109) showed that the mean dimerizable structure is similar in all cosolvent systems studied. This structure shares many conformational characteristics with the nuclear magnetic resonance-derived (111) structure of the cis-syn dimer itself (Figure 8d) . The heuristically determined model thus appears to have successfully identified structural relationships important for the actual reaction pathway (109) . The vertical separation between the two bases is similar in B-form DNA and in the mean dimerizable structure, but the twist angle of the latter structure is reduced greatly (Figure 8e) . Alignment of the C5-C6 double bonds, and not their separation, appears to be the main obstacle to efficient dimer formation in double-stranded DNA. This may explain why dimers form with similar quantum yields in single-and double-stranded DNA (112, 113) : Single-stranded DNA has reduced base stacking but is more flexible and can more readily achieve the undertwisted conformation that promotes dimerization (114).
OUTLOOK
Research into DNA excited states is thriving. Time-resolved spectroscopic methods now exist for directly observing excess energy flow in DNA. Significant advances in the understanding of excited-state decay pathways in base monomers and multimers have occurred as a result of theoretical and experimental efforts. Despite rapid progress during the past decade, many challenging questions remain. For example, the roles of base pairing and base stacking in mediating electronic energy relaxation, although coming into focus, are still uncertain. Controversies about the nature of the initial excitons in DNA remain to be settled. Very little is known about the dynamics of excitons and exciplexes in mixed-sequence DNA, in which it is conceivable that a low-energy site could dissociate or trap these excitations. As more attention is focused on understanding the dynamics of oligo-and polynucleotide systems, the gap between theory and experimental results in base multimers will close. This work will also bring us closer to a fully molecular accounting of the formation mechanisms for DNA photoproducts as a function of base sequence and local DNA conformation.
SUMMARY POINTS
1. CIs are responsible for the ultrafast fluorescence lifetimes of DNA monomers. Synergistic work by experimentalists and theorists has identified the nuclear motions responsible for ultrafast nonradiative decay to the ground state.
2. Ground-state recovery signals from UV-pump/UV-probe transient absorption measurements reveal the dynamics of dark excited states and provide estimated quantum yields for the various decay pathways.
3. For single pyrimidine bases in solution, the excited-state population bifurcates in the bright 1 ππ * state, with 60% returning to the ground state and 40% first passing through a 1 nπ * state. ISC to the triplet state is proposed to take place on a picosecond timescale from the vibrationally excited 1 nπ * state.
4. Decay pathways for excess electronic energy differ dramatically in stacks of two or more bases compared with monomeric bases. Initial excitons in stacked bases rapidly trap to form long-lived excited states in high yields. These excimer/exciplex states have significant CT character.
5. The decay of excimer/exciplex states by charge recombination may play a dominant role in the photostability of DNA by guaranteeing that most excited states do not lead to deleterious reactions but instead relax back to the electronic ground state.
6. DNA exciplex lifetimes vary sensitively with base sequence but have so far proven to be insensitive to base pairing and helix conformation.
7. Thymine dimerization occurs in less than 1 ps, indicating that a short-lived singlet state is the reactive precursor state. The low quantum yield for dimerization stems from the small number of dipyrimidine base steps with suitable conformation for dimerization at the moment of excitation.
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